The pK' values of the current bases, nucleosides, nucleotides, nucleotide derivatives and poly U have been determined over a large range of ionic strength. The pK' shifts of the monomers due to variations in ionic strength can be accounted for qualitatively and quantitatively by means of the relation , , 0.5 m 2 Vco " -log /HB m= , , _ ~KS a>.
The pK' values of bases, nucleosides and nucleotides have been determined either potentiometrically or spectrophotometrically by different investigators [2] [3] [4] [5] [6] [7] [8] [9] . The results do riot allow consistent conclusions about the influence of the substituents on the dissociation constants of the bases, the titrations usually having been performed without consideration of ionic strength. Knowing the dependance of the ionisation constants on the ionic strength is ne-cessary for evaluating the influence of substitutions on the pK' of the bases. For this reason we determined spectrophotometrically the pK' values of the common bases, nucleosides and nucleotides over a large range of ionic strength. The scarce data about the pK' values of nucleotides incorporated into nucleotide derivatives or polynucleotides [10] [11] [12] [13] [14] yield only a qualitative information about the influence of polymerisation itself on pK' values. This incited us to include in this study the variability of the ionisation constant of the HN(i) -C«3) = 0 group of uridylic acid in uridylyl-(3'-> 5')-uridine (UpU), uridylyl-(3'-5')-cytidine (UpC), cytidylyl-(3'-> 5')-uridylyl-(3'-> 5')-cytidine (CpUpC) and polyuridylic acid (poly U). Uridylic acid and derivatives were chosen as the absence of secondary structure would make interpretations easier.
Methods and materials
An automatic method, analogous to those described by RINEHART et al. 15 and by ZIMMER et al. 9 , was developed for the spectrophotometric titrations. By a slight modification of the cell holder of a Cary 14 spectrophotometer, is was possible to use 12 ml quartz cuvettes with a 2 cm light path. H® activity was measured with a PH meter 4 (Radiometer, Copenhagen) equipped with a Radiometer G 202 B glass electrode and a saturated calomel electrode K 150. The titrations were performed at constant temperature by the use of a thermostatized cell jacket with a magnetic stirrer. All titrations were performed at 20 °C (±0.2 °C). Starting from p H 7.0, acid or base was added from an Agla microburette (content 0.5ml; 0.2//I additions) under magnetic stirring so that PH changes of 0.2 pn units were obtained. The HCl or NaOH concentration was such that at the end of the titration the dilution due to acid or base addition amounted maximally to 1% of its original value: at each PH, the quantity added was known and the extinctions were corrected for it by multiplying the observed values by the appropriate dilution factors. C0 2 uptake was prevented by blowing nitrogen over the solution. The use of a G 202 B glass electrode made corrections for Na® ions unnecessary, even at PH values higher than 11.0.
The only correction introduced in the PH measurements originated from the liquid junction potential between the saturated calomel eclectrode and the titrated solutions. The calculated zlpH = PHtheoretical -PH measured amounted to 0.03 PH units at <x) = 1; 0.00 5 units at OJ = 0.1 and 0.00 at co < 0. in which e, £A and £B are the experimental, acid and alkaline molar extinction coefficients respectively. The pK' values were determined graphically (pH = pK' where e = i. In most cases the pK' values determined at several wavelengths agreed within 0.03 PH units.
With our set up, it was possible to perform a complete titration within three quarters of an hour: it is recommended however to perform the titrations of cyclic nucleotides, nucleotide derivatives and polynucleotides as fast as possible in order to keep alkaline hydrolysis as low as possible. In a control experiment with poly U, the solution titrated to high PH values has been analysed for short oligonucleotides: even after half an hour at PH 11.0 no measurable quantities of tetra-, tri-, di-and mononucleotides were present.
Therefore it was assumed that the error due to alkaline hydrolysis did not exceed the other uncertainties.
In each titration, the appropriate blank solution was submitted to the complete titration cycle and only at high PH values and shorter wavelengths corrections proved necessary.
All bases, nucleosides, nucleotides and nucleotide derivatives, except those mentioned further on, were products of Calbiochem (A grade). Adenosine-2'-and -3'-phosphate were products of Schwarz Bioresearch. Guanosine-2'-and -3'-phosphate were prepared from a commercial isomeric guanosine-3' (2 ) -phosphate mixture from Sigma (2 grade) by a chromatographic separation 18 . Uridine-2' :3'-cyclic phosphate and cytidine-2':3'-cyclic phosphate were prepared according to SHUGAR and WIERZCHOWSKI 19 , UpU according to . CpUpC was a gift of VAN MONTAGU 21 . The potassium salt of poly U was purchased from Miles Chemical Company and was used without any further treatment. Its original Sgo.w value amounted to 8.36 and corresponded to a molecular weight of 140 000. All other materials were commercial preparations of analytical reagents (Merck) and all solutions were prepared by suitable dilution of stock solutions. The Merck buffers used for PH meter calibration were citrate-hydrochloric acid (PH 3.00), citratesodium hydroxide (pn 5.00), phosphate (PH 7.00), boric acid-potassium chloride-sodium hydroxide (PH 9.00) and glycine-sodium hydroxide (PH 11.00).
Results
The results are summarized in Table 1. by means of the usual physico-chemical relations proposed by EDSALL 
Discussion

pK' shifts as a function of ionic strength
It is possible to account qualitatively as well as quantitatively for the pK' shifts due to ionic strength where pX 0 : intrinsic dissociation constant, pK': apparent dissociation constant, HB m : acid form; B m_1 : basic form; m= charge. /: activity coefficient, co: ionic strength, Q: constant, a: collision diameter, K s : interaction constant.
By this formula, one can more or less foresee the pK' shifts that will occur (Table 3) . They conform to the observed pK' changes (Table 1) . Quantitative accordance between the observed pK' changes and the proposed expressions is also found. This is shown for the series uracil, uridine, uridine-2':3'-cyclic phosphate and uridine-3 -(2') -phosphate (Table 1) . By an appropriate choice of the collision diameter a 2 , the observed pK' shifts can be accounted for. The values of the collision diameters a x and a 2 , best fitting to the experimental pK values, are: -uracil and uridine a 2 = 2.9 Ä; -uridine cyclic-2':3'-phosphate a 2 = 5.3 Ä; a 1 = 4.2Ä; -uridine-3'(2)-phosphate a 2 = 5.1Ä; a 1 = 4.0Ä. Different alkali-and alkali earth chlorides (CaCl 2 , LiCl, NaCl, KCl and CsCl) have been used in order to obtain higher ionic strengths of solutions containing uracil, uridine and uridylic acid. It could be deduced that: -divalent ions are more efficient than univalent ions in reducing the activity coefficient of the products investigated. -among the monovalent ions those having the smallest ionic radius are the most efficient (Li® >Na® >K® >Cs®). The pK' shifts of the purine-and pyrimidine bases due to ionic strength are the same as those of the corresponding nucleosides: apparently substitution with ribose does not change the activity coefficient of the bases. On the other hand the introduction of a phosphate affects the charge appreciably: this group is accordingly at the origin of the differences in activity coefficients between nucleotides and corresponding nucleosides and bases.
Effects of the substituents on the dissociation constants of the bases
By comparing the pK' values of the different compounds at various ionic strengths it is possible to deduce the specific influences of the different substituents.
Substituting -H by ribose at -N(3) of uracil or cytosine or at -N@) of adenine or guanine results into an electron withdrawing effect from the bases. The pK' value of the dissociating groups is accordingly lowered. The 2'-deoxyribose apparently exerts a weaker electron attracting influence. Substituting -H by -CH 3 at C@) of uracil involves a gain of electrons: the pK' values of thymine, thymidine and thymidylic 5'-phosphate are approximately 0.5 pn unit higher than those of uracil, uridine and uridine 5'-phosphate for 0 < co < 1.
Introducing a phosphate von C 2 ' or C 3 ' of the nucleoside results into an electrostatic attraction on the dissociable proton so that the pK' is raised at low ionic strengths; at higher ionic strengths electrostatic interactions are screened off so that the pK' values of the nucleotides aproach those of the nucleosides.
The C 2 '-0-phosphate probably exerts a stronger electrostatic attraction on the dissociable -NH 3 ® groups than the C 3 -0-phosphate whereas the dissociable -HN(d -C(6) = O groups are equally influenced (see adenosine 2'-and 3'-phosphates and guanosine 2 -and 3 -phosphates).
The C 5 '-0-phosphate, besides an electrostatic effect, exerts also an inductive effect on the dissociable groups of the bases and increases the pK'. This follows from the pK' values of the nucleoside-5'-phosphates at high ionic strengths which are about 0.1 p B units higher than the pK' values of the corresponding nucleosides. The specific influence of the C 5 -0-phosphate bears a relation to the presence of the C 2 ' -OH because the deoxyribosyl-5'-0-phosphate lades this specific effect. The pK' values of the nucleoside-2':3'-phosphates also prove that the phosphate groups can influence the heterocyclic base by an inductive effect because the pK' values are shifted towards lower pn values at any ionic strength.
There is a good agreement between the pK' values of UpU and UpC (Table 2) . At higher ionic strengths they approach the pK' values of uridine indicating that the heterocyclic base is electrostatically influenced in the first place by the phosphate of the dinucleoside phosphate. The absolute value of the pK' shift between a> = 0 and (0 = 1 equals the observed pK' shift for uridine-2':3'-cyclic phosphate where the charge of the phosphate also amounts to -1 (see Fig. 2 ). At high ionic strength, the pK' value of CpUpC also approaches the pK' of uridine and the pK' shift is intermediate between those observed for cyclic uridine-2':3 -phosphate and uridine-3'(2')-phosphate. 
